Introduction
There is a big demand for hydrogen sensors for the low ppm range (e.g. fire detection) as well as for high concentrations near to the Lower Explosion Level (LEL) of 4 % hydrogen in air. To the best of our knowledge there is no sensor covering this full range. Only the combination of two sensors (a field effect transistor or a Schottky diode and a resistive sensor)[1, 2] resulted in a system able to be operated in both ranges. A disadvantage of this system was that the sensor had to be used at elevated temperature. Even for micro structured "low power consumption sensors" with heaters reaching temperatures of 140°C the power consumption is about 10 mW. This power consumption is too high for long time use of battery powered systems. Recently, we reported on a semiconductor field effect device sensitive to hydrogen using the thin layer structure Pt/LaF 3 /Si 3 N 4 /SiO 2 /Si [3] . This sensor is used at room temperature. The detection limit was found to be 10 ppm.
In this paper, we report an improved sensor for measurements from the sub-ppm range up to 100% of hydrogen using palladium gate metal resulting in a structure Pd/LaF 3 /Si 3 N 4 /SiO 2 /Si . The sensor is operated at room temperature.
Experimental
Sensor structures were prepared using a n-Si/SiO 2 (20 nm)/Si 3 N 4 (80 nm) substrate (IMS Dresden, Germany). The chip size was of 5 x 5 mm. A backside ohmic aluminium contact was fabricated by vacuum evaporation of Al. LaF 3 layers were deposited on the insulator by thermal evaporation in a high vacuum system. The deposition rate was adjusted to 0.3 nm/s to grow a layer with a final thickness of 150 nm. DC cathode sputtering in argon plasma trough a metal shadow mask was used to deposit 20 nm thick Pd gate films with an area of 3 mm 2 . Therefore, the final sensor structure used in our The sensors were characterized by High-Frequency Capacitance-Voltage method using a Hewlett Packard 4284A type LCR meter. The sensor response was measured as a shift of the CV-curve of the MIS capacitor along the voltage axis. This shift is due to the electrochemical reaction taking place at the interface gas/metal/solid electrolyte (LaF 3 ). All measurements were done at room temperature.
A gas mixture of hydrogen in synthetic air was prepared using computer operated mass flow controllers to obtain different concentrations of hydrogen in a range from 0.5 ppm to 100%.
Results
The Pd/LaF 3 /Si 3 N 4 /SiO 2 /Si-MIS structure was shown to be hydrogen sensitive (Fig.1) . Compared to the Pt/LaF 3 /Si 3 N 4 /SiO 2 /Si-MIS structure investigated earlier [3] the signal at 100 ppm is bigger by about 60 mV. Hence the detection of concentrations in the ppm range is enhanced and the limit of detection is improved. The Pd based metal-oxide-semiconductor (MOS) structure is well known for high temperature application [4] . Therefore, we compared the room temperature behavior of a structure with and without LaF 3 layer using Pd prepared exactly at the same conditions. Figure 2 shows that the additional LaF 3 layer improves the room temperature behavior.
Similar to the Pt/LaF 3 /Si 3 N 4 /SiO 2 /Si structure we observed a degradation of the dynamic sensor behavior already after some days. The more slow sensor response after 147 hours is shown in figure 3 . According to [5] we developed a method which allows to provide fast sensor response for long time using short heating pulses. The sensor can be heated for less than a millisecond once a day. Due to the short heating time the sensor is at room temperature within less than one second. Therefore, there is only a negligible interruption of the measurement. The energy necessary for this sensor activation is only 10 -3 J per day. This corresponds to an average power consumption of 10 -8 W. This value is by a factor 10 improved compared to the best low power consumption sensors.
All results presented in the following have been obtained from room temperature measurements after such thermal treatment. The dynamic sensor behavior and the sensor signal (gate voltage shift) for the low hydrogen concentration range are shown in Figure 4 and 5, respectively. The sensitivity according to the Nernst equation was determined to be 136 mV/decade of hydrogen concentration and the limit of detection was found to be 0.5 ppm. Hydrogen concentration (ppm) Figure 5 . Sensor signal for the low concentration range after thermal treatment.
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The sensor was also used for measurements of high hydrogen concentrations (1 -100%). Results for the range 1-10% are given at the top of Figure 6 and the corresponding hydrogen concentrations are shown at the bottom of the same figure. A baseline concentration of 1% was used for this experiment. The response behavior of our sensor using the LaF 3 /Pd interface is different to other field effect structures with insulator/Pd interface which run in saturation above 1000 ppm [6] .
For measurements starting at zero hydrogen concentration and going back to this value the dynamic behavior is given in figure 7 . A fast sensor response to hydrogen was observed while the desorption shows a fast initial decrease in sensor signal of 170 mV followed by a very slow desorption of residual hydrogen. The fast part of desorption corresponds to about 3 orders in magnitude in hydrogen concentration The response time (t 90 time for 90 % of signal change) was found to be about 2 seconds at a concentration corresponding to the Lower Explosion Level (LEL) of 4 %. The more slow desorption is not important for several applications as e.g. alarm systems. The sensitivity for the high concentration range was determined to be 63 mV/decade. We did not observe blister formation as it is known for SiO 2 /Pd interfaces at high hydrogen concentrations. A stable sensor behavior was observed at least for 4 weeks. Long term tests are in progress. The sensor behavior in the intermediate concentration range between 200 ppm and 1% of hydrogen will be investigated in future. The sensor properties were also investigated with respect to oxygen sensitivity. There was a clear response to oxygen in hydrogen free environment too. In oxygen/nitrogen mixtures an oxygen sensitivity of 58 mV/decade was found. Furthermore, the sensitivity to hydrogen in oxygen free carrier gas (argon) was investigated. If 10 ppm of hydrogen were added to argon a voltage shift by about 400 mV was observed. The sensor response to hydrogen in argon is given in figure 8 . The sensitivity was shown to be different compared to measurements in air.
For most applications hydrogen is determined in air that means at constant or nearly constant oxygen concentration. Therefore, the influence of oxygen is not a restriction for alarm sensors. Furthermore, we successfully used the sensor in equipment for characterization of fire detection systems according the European standard EN54. The results will be given in a separate paper.
Discussion
For the Pt/LaF 3 /Si 3 N 4 /SiO 2 /Si sensor structure it was shown that the oxygen sensitivity can be explained by an electrochemical reaction at the metal/LaF 3 interface [7] . The mechanism suggested is given in equations (1) to (3) . The exchange reaction (3) between OH -and vacancies in the LaF 3 lattice (F*) was shown to be a property of the fast ionic conductor LaF 3 [8] . This reaction is therefore the fundamental for a reversible oxygen sensitivity.
For the Pd/LaF 3 /Si 3 N 4 /SiO 2 /Si based sensor we also observed oxygen sensitivity. Furthermore, the response to hydrogen in argon (see figure 8 ) is different to that in air. For this reason we suggest that the sensor is primarily an oxygen sensor. This sensitivity can be explained by the equations 1 to 3 again. The hydrogen sensitivity can be understood due to the catalytic reaction of hydrogen with oxygen leading to the formation of water as it is well known at Pd. Therefore, a reasonable hypothesis can be that the hydrogen response is related with a decrease in surface oxygen concentration O 2 (A*) resulting from the reaction with hydrogen (eq. (4)). Hence, the response mechanism for Pd/LaF 3 /Si 3 N 4 /SiO 2 /Si structures should be different from Pd/Si 3 N 4 /SiO 2 /Si MIS structures. The signal shift of 400 mV observed for 10 ppm of hydrogen in argon corresponds to a change of several orders of magnitude in the oxygen surface concentration due to the much smaller initial value.
Further investigations of gas response mechanism are necessary, but it can be suggested that the mechanism for oxygen detection as given in [7] is combined with the water formation on the catalytic surface (4). This reaction can of course also be the reaction of adsorbed oxygen with adsorbed hydrogen. 
O 2 (A*)+H 2 O+e----> <---HO 2 (A*) + OH -
OH -+ (F*) ---> <---OH -(F*)
O 2 (A*) + 2H 2 ---> <---2H 2 O (A*)
The influence of the oxygen concentration on the sensor signal should not be a problem for most applications like measurements in air where oxygen concentration is sufficiently constant.
Conclusion
It was shown that the Pd/LaF 3 /Si 3 N 4 /SiO 2 /Si field effect structure can be used for the detection of hydrogen in the ppm concentration range and at very high concentrations in ECS Transactions, 3 (10) 223-230 (2006) atmospheric air at room temperature. Therefore, this sensor can be used for applications like fire detection as well as for leakage detection near to the Lower Explosion Level (LEL).
